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i. INTRODUCTION 
A. Use of Concrete as a Shield 


The process involving shielding had not been completely 
understood Tor many years after the compietion of the first 
reactor. Most energy and study had been applied to the re- 
actor core, and the simple empirical methods cf shield de- 
sign could be utilized to give a workable and safe shield, 
even though it might be excessively heavy and expensive. At 
the present time, with the realizaticn that nuclear power 
will have to compete with and eventually replace conventional 
power methods, the problem cf low cost and low weight shield- 
ing has become quite important. 

A natural choice for shielding material exhibiting beth 
qualities of low cost and low weight is conerete, anå, con- 
sequently, ít has become the most widely used material for 
reactor shielding. Its pcpularity has also been enhanced by 
its satisfactory mechanical properties as well as its ideal 
radiation shielding attributes. It contains hydrogen and 
other light nuclei as well as nuclei of fairly high atomic 
number. The licht elements moderate the neutrons, and the 
heavier elements absorb the camma radiation. Recent develop- 
ments have brought about the utilization cf heavy concretes 
ccntaining barytes and iron ore for additional gamma ray at- 


tenuation. 
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B. Neutron 42 


The attenuation of fast neutrons in a shield can be at- 
tributed to three successive processes: 

1. Collision, either inelastic or elastic, arā involv- 
ing significant change of direction cr energy degradation 
or both (elastic forward scattering attenuates very little). 

2. Slowing down by many collisions, mostly elastic. 

3. Diffusion at or near thermal energy to absorption. 

& cOllision with hydrogen usually has nearly the effect 
ef absorption.  4ualitatively this is true because of the 
degradation in energy which accompanies the collision, com- 
bined with the rapid increase of the hydrogen cross seetien 
as the neutron energy decreases, which is shown on Figure l. 
A small fraction of the initial collisions with hydrogen will 
give rise to neutrons having very nearly the source energy 
and almost their original direction. These neutrons will 
penetrate nearly as well as uncollided neutrons. 

å neutron may alse collide with a heavy nucleus. There 
may result an approximately isotropic emission of neutrons 
with an energy spectrum which depends on the energy of the 
incident neutron. For energies below 1 mev, the scattering 
will usually be elastic, while, as the energy rises, the 
scattering becomes predominantly inelastic. 

At low energies, with isotropic elastic scattering pre- 


Geminating, a neutron collision chances the direction of the 
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Figure 1. Total cross-section of hydrogen 
Price (12, p. 117) 





neutron effectively so that it gives a small contribution at 
the outside of a thick shield. 

At higher energies, about one-half the total cross sec- 
tion cf the heavy elements corresponds to small angle elastic 
deflecticns. 

These deflections are associated with the diffracted 
neutron shadow cast by the opaque nucleus. At low energies, 
1 to 2 Mev, this cross section may be treated as isotropic 
and therefore included as an absorption. At higher energies, 
the total shadow seattering is included in a small angular 
range and is ineffective in removing neutrons. 

In a thermal reactor, slow neutrons are much more numer- 
ous than the fast components (inergy greater than .5 Mev), 
are more rapidly attenuated, and their effect is felt only 
in that portion of the shield in proximity to the source. 
They have, therefore, little to do with the calculations on 
required shield thickness, theugh they de play an important 
part in computing heat effects on the inner part of the re- 
actor shield. 

The precesses by which fast neutrons are attenuated in 
thick shields are quite complex. The exact calculations cf 
the variation of fast neutren flux with shield thickness and 
the determination of the flux of neutrons of lower energy 
resulting from fast neutron collisions are difficult nathe- 


matically. 
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A semi-empirical method which, under the proper condi- 
tions, gives excellent results in predicting neutron attenua- 
tion was evelved by Albert and Welton (1). Their removal 
eross section theory takes into account the removal c? fast 
neutrons due to reactions, capture, inelastic scattering, and 
elastic seattering net in the shadow. The cenditicns under 
which this cross section may be used are the following; first, 
the neutron source must have a fission spectrum, as shown cn 
Figure 2, which has an average energy of about 2 Mev. Second- 
ly, the material must be followed by a large thickness of 
hydregencus material or must be intimately mixed with such 
material, Glasstone (6, p. 617) states that the weirht of 
a shield must be at least 10 per cent water in order to pro- 
vide the minimus proporticn cf hydrogen for application cf 
the theory. It has been shown that the fissicn spectrum 
falls off rapidly at high energies, while hydrogen is an in- 
creasingly efficient attenuator of neutrons as the energy is 
decreased. These two phenomena werk to restrict to s narrow 
energy band those scurce neutrons responsible for the dose 
at large distances in a hydrogenous medium. The band lies 
in an energy region usually 6 to 10 Mev, depending on the 
material, where neutron collisions with many substances either 
have no significant effect on the neutron or act as absorp- 
tions. dn these circumstances, the substances act as simple 


absorbers with apparent absorption or removal cross sections 
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Figure 2. Fission neutron energy distribution 
Murray (11, p. 57) 
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which are independent cf the thickness of the media. 

The removal cress section is determined by putting e 
slab of the material, for which the cress section is to he 
found, of x em thickness in s tank consisting of 2 em ef 
water. If Dc(z) is the dese rate observed from a given 
source through the water only, then tho dose rato D(z,x) 
from the same source for the shield consisting of water and 


slab will be 
D(z,x) s e^ ^ Σᾶρο(ς) 


τα en”! is the effective macroscopic removal cross 


section of the material which 35 related te the effective 
microscopic removal cross section, Ó p, in the usual manner» 


The fast neutron removal attenuation Length, r\_, the 


፲ 
reciprocal of the macrosecpic fast neutron removal cross 
section, is the distance for an e-fold reduction in the fast 


neutron flux. 
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Ii. REVIEW OF LITERATURE 


Rockwell (13) discusses the properties of varícvs con- 
crete shielding bloeks and briex conposeó cf different heavy 
aggregates. He states that the main purposes cf cements is 
to provide hydrogen, bending strength, and, if possible, a 
reasonably bigh density. 

Gallaher and Kitses (5) reported on the experimental 
prorrames which were corducted at the Cak Ridge Naticral 
Laberatery on Fortland cement ecneretes tested for suitability 
for reactor shielding. They listed the following desired 
properties necessary for effective shields: 

1) High density te minimize thickness 

2) High hydroger content to thermalize intermediate 
neutrons 


3) High content ef heavy elements fer derradation of 


fast peutrens as well as vata rays 

4) Low cost cf ingredients 

5) Fase ef mixing and placing the corerete. 
in addition, structural strength, stability under raciation 
and stability under hot moist or dry conditicrs were also 
considered. The article also discusses the handline and 
peuring techniques te be used with heavy agrregate concrete 
49 well as coneretes with hich water content. 


Price and Herten (12, p. 284) state that the total eross 


section per unit weicht for fast neutrens is considerably 
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greater for light elements than fer heavy elements; and it 
follows that the most efficient fast neutron shields (on a 
weight basis) are those containing large amcunts of hydrogen. 
ihe most obvicus eholee then, for an effective fast neutron 
attenuator, is water, and, even thenuch many materials contain 
more hydrogen per unit volume, their uso ls roverned by eon- 
siderations such as flammability, liabliity to radiation 
damage; and chemical and thermal stability. 

An experiment te determine the effect of water in 
structural conerete cn the attenuation of intermediate energy 
neutrons (epithermal te 1 Mev) was conducted by Blizzard and 
Miller (3). It was found that a 7 per cent water content 
is adequate to insure that intermediate energy nevtrens be 
quickly slewed down to thermal enerry where they are readily 
captured. The attenuaticn of the neutrons in the water 
moderated conereto shield was found to follow an exrenential 
function with the fast neutron maeroscopie removal cross 
section lor tho attenuation coefficient. A greater water 
content improved the over-all neutron attenuation according 
to the removal eress section theory. 

Une of the oldest existing shields is the concrete 
shield around the Oak Ridge Latiensi Laboratory Graphite Eo- 
actor. This shield consists of a five feet thickness of 
bituminous painted concrete ecnsisting ef 16.3% Fortlan 


cement, 27.3% haydite, 46.4% barytes, and 102 water, sand- 
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wiched between two l-foot thicknesses of ordiniury Portland 
coneretes An investigation of the physical properties cf the 
shield was performed between February and July 1956, after 
the shield hat been in place 12 years, ant the results vere 
reported by Blosser and associstes (4). The investigation 
Showed that the chemical properties απὸ density of the shield 
had net changed appreciably Sines a similar investigation 
made in 1942 wher the water content was still nearly five 
times normal snd me ratiation damage was detectable. The 
compressive strength was lower, hewever, reaching e maximum 
charge of about LOS near the reflector shield interface. 


report issued by the Housing and Home Finanes areney 


EJ. 


(25) 4:322 22፤ 58 that haylite is one of the best ef the light- 
weight aggregatos, and that haydite concrete may be used in 
place of typloeai rortland cemert ecnerate without fiscounting 
the design in any degree fer stromncth, workability, aná 
durability. Furthermere, it provides a saving in dead weight 


of about 30%, 
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The use cf haydite (a light porous, calcined shale 
capable of absorbing large quantities cof water) as an ag- 
gregate was studied to determine the effect of the haydite 
and absorbed water on the fast and thermal neutron attenua- 
ticn preperties of mortars and concretes. 

Water is a good neutron moderator, and it has been shown 
that the larce amount of water absorbed by the haydite may 
be retained over a long perícd of time if the concrete is 

roperly coated. 

As was shown previcusly, in water there is a strong 
variation in total cross secticn with neutron energy; how- 
ever, the total cross section for Fortiand concrete does not 
vary sc markedly for low and high energies, see Figure 3. 

Ihe study cf the neutron shielding effectiveness of 
haydite mortar and cencrete consisted of two main parts. The 
first was the determination cf the effect cf changing the 
amount cf haydite in the conerete and mortar cr the shield- 
ing effectiveness. The second part was the determination of 
the neutron shielding effectiveness of a concrete containing 
a large percentage of haydite as a function cf the amount of 


water absorbed. 
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IV. EUIPMINT AND METIRIAL 
A, Hadiation Source 


A plutonium-beryllium source containing 16 gm. of plu- 
tonium of approximately i-curie strength previded the neutrons 
used in this study. The plutonium and beryllium were mixed 
together and sealed in a tantalum and stainless steel right 
circular cylinder of 1.35 in. height and 1.C2 in. diameter. 
the average number of neutrons given off by this source is 
1.65 x 10° each second, and the energy distribution of the 
neutrons is shown on Figure N. 

The source was placed on top of a wooden block which was 
inside a tight fitting teflon cylindrical container. The 
teflon cylinder fit tightly within the steel pipe housing 
of the original shipping container which was encased in 
pareffin on all sides but the top two inches. In this manner 
a vertical collimated source cf neutrons was obtained, see 


Figure 5. 
B. Shielding Materials 


The shielding materials used were 2 by 2 by ነ» inch 
mortar blocks. The composition cf the blocks was varied by 
changing the weight of aggregate and sand in each mixture and 
keeping the total weight of all the components constant. The 


fabrication and composition of the biccks is discussed in the 
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Figure +. Energy distribution of neutrons emitted 
from a plutonium-beryllium source (the 
area under the curve has been normalized 
to unity) 

Price (12, p. 151) 
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section on procedures. ἃ chemical analysis cf the cempenents 
was not obtained. However, Table 1 indicates the normal 


corpesitien of Portland cement ard tro assumed compositicn 


3 


of the harydite aggregate used in the Cek Fidee graphite ře- 


€ 


ecter shield. 
sable 2 shows the arrcregate ard sand particle distribu- 


ticn as determine? by sieve analysis. 


Table 1. Chemical composition of cement ànd aggregate in 
per eent welcht 


امه وې par‏ 
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*SAverace values from Honserford (0, v. 723). 


DBlosser and associates (h, n, 7). 


C. Detector and Apparatus 


The detector used was a standard E. C. ποσά ËP, neutron 
proportional counter, catalog number G1174. The active count- 
ing volume was 1 in. in diamater and 6 in. in length. The 
BF, gas was enriched te 96% Boren 10 and was under a pressure 
of kO em, Hg, B F, eeunter has a very hich neutron de- 


tection efficiency. The total cross section, O TL 3960 
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and. leve analyses, 


Table 2, Grading of aggregate and 
i . 8. Standard sieves 


per cent by weight passin 


GQ يئ‎ 





II—···· — ⸗ — 


No. h No. 8 Ne. 14 No. 28 No. 50 Nec. 100 
Sand 99 ہاو‎ 9 76 9 0 
1/2 in. 3/8 in. No. + No. 8 
100 2 12 ο 


οι ο ET ο t ee ο FÉ به‎ 


| 


Haydite agzrevate 


barns at neutron energies cf .025 ev. “he ions which are 
ecunted come from the alpha particles produced by the fol- 


lowing reaction: 


Bosh — mex 


The proportional counting tube was connected directly to the 
input amplifying circuit of a huciear-Chica^o Corporation 
Model 186 decade scaler. “he scaler contains a sensitivity 
control switch which requires the input pulse to be larger 
than the value selected by this control in order to produce 
one count. ‘the operating characteristics of the neutren 
counting cirenit are indicated by the curves of Figure 6. An 
cperating voltage of 2100 volts and a sensitivity cf 1 MV 
vere selected from the plots to give operation in the plateau 
portion of the curve. These settings were used with the 
counter throughout the study. 

a detector shield holder was used toe position the BP, 
tube over the center of the vertical collimated beam at the 


seme position for each configuration cf the shielding blocks. 
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OPERATING VOLTAGE VOLTS) 


Operating curves for ΒΡ, lined 
neutron counter 
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It was also used to shield the tube from neutrons that had 
been scattered around the shield. The shielding cf the de- 
tector from scattered neutrons was accomplished because the 
holder was filled with paraffin, and cadmium was placed around 
the BE, tube so that only neutrons entering the detector 
shield directly from the source through the shielding blocks 
would be counted, see Figure 7. Once the tube was preperly 
positioned in the detecter shield, it was sealed in with 


paraffin ard was not removed until the study was completed. 
D. Geometry 


A photograph depicting the general experimental layout 
is shown in Figure 8. The dimensions cf the apparatus and 
the arrangements used in the study are given ir Figure 9. 
The shielding blecks were mounted on the source container 
barrel lid. The lid was fixed with small balsa woed strips 
so that the shielding blocks could be positicned directly 
over the source in the same position at every change. 

The detector holder shield was positioned so that a 
0.88-in. gap existed between the top of the block and the 
bottom of the holder. This gap allowed a cadmium strip to 
be inserted betweer the block and the detector as well as 
facilitating the removnul cf cne block and allowing it to be 


replaced by another without removing the detectcr helder. 
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Figure 7. Cross-section of neutron detector shield 
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ihe author was also able te change blocks from a more pro- 


tected position with the use of forceps. 
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V. PROCEDURES 


As nected before, the composition of the shielding blecks 
was varied for this investigation. Six different mixtures 
were tested in all. The composition οὗ the six mixtures is 
shown in Table 3 and labeled A through I. In mixtures A 
through F a coarse aggregate was used. It was passed through 
a 3/8 in. screen but ccuid not pass threugh a No. 4 sereen. 
in mixtures G, H, and I, a fine aggregate was used. t cculd 
pass through a Ko. k screen but not through a Ke. 8 screen. 
In all the mixtures an attempt was made to keep the percent- 
age by weight cf cement and water constant, and to vary the 
amount of sand and aggregate put to keep the total weirht 
percentage at a constant. An attempt was male te increase 
the coarse aggregate content of the bloeks even mere. how- 
ever, the resulting blocks were so honeycombed as to render 
them useless for testing. The 34.30% fine aggregate mixture 
Was also narsh ang resuited in pocr blocks that could not be 
used. The concrete blocks were able te be used with a higher 
aggregate content than the mortar blocks since better work- 
ability ean be achieved for a given amount of water with a 
cOarser aggregate (10, p. 52). 

ihe procedures used for mizing anā casting the blocks 
were the same for all mixtures. The cement and approximately 
one fourth ci the sand and aggregate were thorecuzhly mixed. 


ihe sand and aggregate were both in a saturated surface dried 
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condition. Water was added, and the mixture was again mixed 
with a hand trowel. The remainder cf the sand and aggregate 
was added in small amounts and mixed. After all of the sand, 
water, and avgregate were added te the cement, the mixing 
eontinued for several minutes te insure uniform consistency. 

Ihe machined steel mold used in casting the blocks con- 
tained twenty-fcur 2 by 2 by & inch compartments. Ten blocks 
were cast for mixture 4 and four blocks for each of the other 
mixtures. The compartments were filled about ene third full, 
raided 25 times, and filled and rodded again two more times 
to fill the mold. an adáltiocnal portien cf the miz was spread 
over the top and worked down with the trowel; the excess was 
removed Leaving the mix level vith the tep cf the mold. the 
mold was covered with mcistenec burlap and allowed to stand 
24 neurs, Upon removal from the mold, half of the blocks 
from each mixture were stored in water, and the cther half 
were stored in the air. The temperature varied between 82 
and 84°F and the relative humidity varied between 20 and 26 
per cent durins the period the blocks were drying. The water 
cured blocks will be called standard blecks while these 
stored in the air will be referred te as air dried blocks. 

Figure 10 is a photorraph showing the surface condition 
of some of the test biccks. 

A sample of the aggregate was washed and dried at a 


temperature of 109°C. over night. A 2h hour water absorption 
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test was then performed, and the results shewed that the 
haydite absorbed 15.2 per cent, by weight, of the water. 

Ihe bulk specific gravity of the aggregate was next 
determined, using standard test metheds (2, p. 1233), on a 
50 KG sample in the saturated surface dry condition. A value 
of 1.69 was computed. 

three experimental arrangements were used to determine 
the relative intensity of fast and slow neutrons. The ar- 
rangements are depicted in Figure 8. Since the BF, tube is 
capable of counting neutrens of all energies to some extent, 
a cadmium sheet was placed on top ef the block, as shown in 
arrangement 2, to absorb the slow neutrens (defined as 
neutrons of energy less than 0.025 ev). The slow neutrons 
were readily absorbed by the 0.037-in. of cadmium since cad- 
mium exhibits a high neutron absorption resonance in the low 
energy region. It was calculated that the cadmium will 
capture over 99% of the incident slew neutrons. Since the 
readings in arrangement 1 are due to the ecunts recorded by 
the BF; tube for neutrons of all energies, and the readings 
of arrangement 2 are due to the neutrens of energies above 
thermal, the difference in the two is the slow neutron count. 

A layer of paraffin was inserted between the cadmium and 
the detector in arrangement 3 to determine the fast neutron 
count, Zhe paraffin, which contains a large proportion of 


hydregen, slowed doewn part cf the fast neutrons so that they 
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could be counted by tho κ. Getector which is relatively in- 
efficient in detecting neutrens ef nigh energies. The paraf- 
fin also prevented those neutrons reflected and scattered 
from outside the shield into the detector from completely 
masking the relative fast neutron count. The higher count- 
ing rate also gave better counting statistics. Since the 
fast neutron counts were taken under a different geometry 
than that used to determine the slow neutron count, a cor- 
rection had to be made tc the fast counts sc that they could 
be compared te the slow counts. The fast neutron counts 
recorded were corrected by the ratio cf the squares cf? the 
distances between the source ard the detector. Tris ratio 
was computed te be 1.15. 

Feutren ecunts in all three srrangements were taken for 
811 of the blecks en beth the 7th and 28th day efter they 
were cast. Fach of the five air dried blocks of mixture A 
was scaked a different length cf time, from five mirutes to 
2h hcurs, before the seven day test, sc that the ecunts could 
be recorded as a function of the absorbed water. For the 20 
day test, however, in crder to get a better correiation, it 
was decided to sozk all of tre five blocks from one minute 
to 2% hours and to remove the blocks at different time in- 
crements, determine the neutron counts, and return them for 
further soaking. 


ihe weight of the absorbed water in the standard and 
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water soaked air dried blocks of mixture à was determined by 
recording the weight oí each block prior to the counts being 
taken ard subtracting from this weicht a new weight taken 
after the block was allowed to dry for a two veek period 
following the tests. 

The volume of all the blocks was considered to be 
constant. After determining the weight, the density of each 
mixture for beth the standard and air dried condition was 
computed in gn/em. 

During the testing, the detector was removed from the 
area near the source and a background count was taken. All 
counting data were corrected for ihe background. 

Since the maximum counting rate obtained in the testing 
was 4750 counts per minute, no correction was deemed neces~ 
sary for cunter dead tine. 

Since the standará blocks were prone to lose their ab- 


serbed water by evaporation if kept in the air for any length 


) 


ccunting time was kept at five minutes for each 


τὰ 


of time, the 
arrangement to keep the evaporation at a minimum and te still 
yield good statistics. The standard blocks and the blocks 
used in the water absorption tests were 211 surface blotted 
before being counted. 

The compressive strength of the blocks was determined 
80 days after casting. “wo blocks from each mixture were 


loaded in compression along the four inch length cf the 
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blocks. The average compressive strengths of the two blocks 
for each mixture are reported in the Appendix. The standard 
blecks were returned tc the water tank several hours before 
the compressive strength tests were cenducted so that the 
blocks might regain most of the water they had lost. 

A test was conducted to determine thes effect of orienta- 
ticn cf the block on the counting rate. Two air dried biceks, 
one of mortar and one of cencreta, were selected at random 
ana the counting rates were determined in their normal eon- 
figurations, through the tte inch thicknesses cf the blocks. 
The blocks were then rototed about the four inch axis and the 
counting rate was determined for each of the cther three 
nesiticns. The counting rates, shewn in the Appendix, in- 
dicate that with two exeepticns in each block, the deviation 
between the ccuntins rates was less than the standard deví- 
ation. The exceptions for the mortar deviated from the 
average counting rate by 7657ء‎ ard .989 per cent, and for the 
conerete, the deviation vas .577 and .670 per cent. 

Another test was conducted to determine the reproduc- 
ibility of the counting rate in remeving and replacing the 
detector holder. “he test was cconcucted fov the configure- 
tiens ef arrangements 1 ané 3. The data shown in the Ap- 
pendix indicate that for four runs in each configuration the 
devinticn did not exceed the standard deviation. 
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with water, and frozen, so that the ecunts on the resulting 
ice block eculd be compared to the concrete ard mortar 
blocks. The same mold was also used tco cast a paraffin block 
Which was also compared. The test results are recorded in 


the Appendix. 





36 
VI. RESULTS ARD DISCUSSION 
å. Effects of Changing Aggregate Content 


The neutron counts taken for the 7-day and 28-day tests 
for tne standard and air dried blocks of different mixtures 
are tabulated for the three arrangements in Tables 4 and 5. 
these counts were analyzed and separated inte fast and slow 
neutron counts as shown in Tables 6 and 7. Plots of these 
counts are made for the concrete and mortar bleecks in Ficures 
11 through 18. 

It can be seen from these curves that the standard blocks 
are more effective in attenuating siow and fast neutrons than 
the air dried blecks. It was found, on the average, that the 
standard biccks were 24.5 per cent more effective then the 
air dried blocks in slow neutron attenuation, and 6.4 per 
cent more effective in fast neutron attenuation. 

The standard conerste blocks were found to be slightly 
more effective in attenuating the neutrons than the standard 
mortar blocks. The concrete was, on the average, à.5 per 
cent more effective in attenuating slow neutrons and 1.1 per 
cent more effective in attenuating fast neutrons, 

ihe reason the standard blocks exhibit better neutron 
attenuation properties than the air dried blocks is due tc 
the large amount cf water absorbed in the standard blocks, 


see Tables 6 and 7. It can also be seen that the standard 
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Table h, 7 day test data 





Mixture Arrangement Counts Time Countin 
ክመ min. rabe (R) 
Background 7198 67 107 + 1 
Standard 
Λ 1 18053 5 3504 + 27 
E ን 17546 5 3402 + 27 
ር 1 18021 5 3497 + 27 
D 1 17629 5 3419 + 27 
E 1 18265 5 3546 + 27 
P 1 18579 5 3009 + 27 
G 1 18481 5 3589 + 27 
H 1 18184 5 3530 + 27 
I 1 18837 5 3660 + 27 
A 2 6134 5 1120 + 16 
B 2 6126 5 1118 + 16 
ር 2 6135 5 1120 + 16 
D 2 6019 5 1097 + 16 
3 2 60h. 5 1102 * 16 
F 2 7571 5 1157 * 16 
G 2 5909 5 1087 + 15 
H 2 6205 5 113% + 16 
1 2 6032 5 1099 + 15 
A 3 9249 2 1743 É ¿P 
B 3 9291 5 dard t 
C 3 9899 5 1693 * 19 
D 3 937% 5 1768 + 19 
E 3 2956 5 1684 + 19 
፻ 3 9325 2 1758 + 19 
G 3 9381 5 1759 + 19 
H 3 2256 5 1752 + 19 
1 3 9360 5 1765 + 19 
Air dried 
A 1 22103 5 4314 + 30 
B 1 21844 5 4262 + 30 
σ 1 21736 5 4240 + 30 
D 1 22325 5 4358 + 30 
z 1 21926 5 4278 + 30 
P 1 22731 5 4439 + 30 
G 1 20279 5 3959 + 28 
H i 20546 5 4002 + 28 
I 1 20829 5 4059 + 29 
A 2 6014 5 1096 + 16 
B 2 6181 5 1129 + 16 











Table +. (Continued) 
Mixture Arrangement 

8 2 

2 2 

Ë 2 

F 2 

G 2 

E 2 

I 2 

À 3 

E 3 

C 3 

D 3 

Ë 3 

F 3 

G 3 

H 3 

i 3 


Table 5, 28 day test data 


Mixture 


Background 
otandard 


MAO hr ጐን ርና ር %ር3፤ኃኒኃርን መው 





Arrangement 


سرپ ہے سر تر سب رد ο‏ حم نم نس ي8 ن۲ 


86 


ο چا بهر‎ Cero repe morte fle TM a ip N مدا ےہ تو به‎ n ኣክ. መ:ረ/ጣውፍት:-አሞፍመፍ.ው፡ ‹‹ 

















TRA 


Counts Time Counting 
min. rate 5 
5042 5 1101 + 15 
5406 5 1174 + 16 
5465 5 1186 + 16 
5809 5 1255 + 16 
€811 5 1122 + 15 
5474 5 1120 + 16 
6216 5 1136 + 16 
9660 5 1825 + 20 
958% 5 1810 + 20 
9861 5 1865 + 20 
9939 5 1881 + 20 
9936 5 1880 + 20 
10101 5 1913 + 20 
9373 5 1808 + 19 
9869 5 1867 + 20 
9620 5 1817 9 
Counts Time Counting 
Bim. _ rate (Ej 
3242 60 54 + 1 
17848 5 3516 + 27 
18054 5 3557 + 27 
18245 5 2220 + 27 
16237 5 32? + 27 
17969 2 3540 + 27 
18615 5 3669 + 27 
12916 5 2232 ΕΕ 
18195 2 3995 i 27 
16253 > 3597 + 27 
89 5 1120 + 15 
2855 5 1117 + 15 
6099 5 1166 + 16 
6299 2 1206 + 15 
575% 2 1097 + 15 
6285 5 1203 + 16 
5770 5 1100 + 15 
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Table 5. (Continueä) 











Mixture Arrangement Counts Tine Counting 

e سوه‎ gin. rate (R 
H 2 5412 5 1028 + 15 
I 2 2655 5 1115 + 15 
B 3 9028 ጃ 1752 £ 19 
: 3 9089 5 1764 + 19 
- 3 3996 5 1745 + 19 
Ë 3 9052 5 1756 + 19 
z 3 9309 5 1808 + 19 
G 3 90uh 5 1755 * 19 
H 5 9295 5 1805 + 19 
- 3 9260 5 1798 + 19 

Air dried 
A 1 22324 5 hol + 30 
Β 1 23405 5 4627 + 30 
۲ 1 24030 5 1752 + 31 
D 1 22898 5 4526 + 30 
E 1 22775 5 4501 + 30 
F 1 23087 5 4563 + 30 
G 1 22569 5 LUGO + 30 
Ἡ 1 22353 5 4417 + 30 
፲ 1 22465 5 2439 + 30 
A 2 2035 2 1113 + 15 
B 2 6101 5 1166 + 16 
ዕ 2 5532 2 1248 + 16 
D 2 5957 2 1133 4 15 
E 2 6501 5 1246 + 16 
፳ 2 GLU6 5 1235 + 16 
G 2 545% 5 1215 + 16 
H 2 6035 5 1293 ሙ 17 
1 2 2777 2 1101. 4 15 
A 3 9691 5 1884 4 20 
B 3 9451 5 1836 + 19 
ር 3 9954 5 1937 + 20 
D 3 9736 5 1893 + 20 
1 3 9481 5 1842 + 19 
7 3 9869 5 1920 + 20 
G 3 9504 2 1907 + 20 
፪ 3 9961 1919 £ 20 
I 3 9964 5 1939 + 20 
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Table 6. 7 day slow απὸ fast neutron counts 








A e ——— — — 


Fast neutron 
counting rate 


Mixture Per cent by ¿low neutron 
weight of counting rate 


o Mr o Qui x ny 
Standard 
A 18.2 2385 + 31 2005 + 22 
B 18.4 2284 4 31 2020 + 22 
ር 14.4 2377 + 31 1950 + 22 
D 15.8 2422 + 31 2035 + 22 
E 14,0 2H + 31 19%0 + 22 
7 12.9 2422 + 31 2020 + 22 
G 18.3 2502 + 31 2037 + 22 
H 19.5 2396 + 31 2018 + 22 
I 14.0 2561 + 31 2030 + 22 
Air dried 
À 3218 + 3% 2100 + 22 
B 3133 + 34 2083 + 22 
ር 3139 + 34 2145 + 22 
D 3184 + 34 2165 + 22 
3 3092 + 34 2164 + 22 
7 3184 + 34 2200 + 22 
G 2827 + 32 2079 + 22 
Ἡ 2822 + 33 2149 + 22 
I 2923 + 33 2091 + 22 





a Subscripts refer te the arrangements in Figure 8. 


< = counts 
. cime in minutes ° 


concrete blocks absorbed slightly more water than the standard 
mortar blocks, end they will, therefore, be more effective 
than the mortar bleeks. 

The curves indicate thet in the standard blocks there 
is little increase in neutron attenuation as the aggregate 


content is increased. The small negative slopes cf Figures 


9, 14 and 15 are due to the increased water ecntent cf the 
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Table 7. 28 day slow and fast neutron covnts 




















Mixture Per cent by Slow neutren Fast neutren 
weight of ecunting rate ccunting rate 
— و و ود یت‎ (1.15 x ፲..)* 
Standard 
A 18.2 2398 + 31 1960 + 22 
E 18.4 2440 + 31 2015 + 22 
ር ih.h 2429 + 31 2025 + 22 
D 15.5 2388 4 31 2005 + 22 
3 13.1 2443 + 31 2020 + 22 
F 10.9 2h66 * 31 2078 + 22 
G 18.1 2435 + 31 2019 + 22 
: 14.3 2557 + 31 2070 + 22 
1 14.0 2482 + 31 2065 + 22 
Air dried 
A 3305 + 34 2176 + 23 
B 3461 + 3h 2110 + 22 
C 3505 + 3% 2225 + 23 
D 3393 + 3» 2180 + 23 
E 3255 + 34 2120 + 22 
2 3328 + 3% 2208 + 23 
G 3245 + 34 2191 + 23 
H 3264 + 3k 2230 + 23 
I 3338 + 3% 2231 + 23 











TEE 


Subscripts refer tc the arrangements in Figure 8. 
COUNE 
2 time in minutes 


blocks at the higher aggregate centert. 
ine seattering of the points on the plots is due to the 
large statistical deviaticns resulting from the shert dura- 
tion cf the counting time. 
The air dried mortar blocks are seen to have a larger 
shielding effectiveness than the air dried concrete blocks. 


The reason being that for a given cement content, the larger 
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the agrregate size, the lower the water requirements, so each 
mortar block will centain more water then the comparable 
ecnerete block and attenuete the neutrons mere effectively. 
The count rate for the 7 day test was in all cases lower than 
the rates for the twenty eirht day tests in tho air dried 
blocks. This was Que to the loss cf water by evaporsticn 

ir the twenty ene áay inerement between tests. A larger 
pereentare cf water will evaporate for a civen length of time 
in the mortar blecks,; again due te the larger surface area 


of the fine aggregates; consequently, the curves of Figures 


ps 


3 aná 17 are separated a greater distance thar the curves 
ድ 


© 


Figures 12 and 16 at the hirher ageregate contents. 

It can be shown, by utilization cf the remeval cress sec- 
tion concept, why there was such a small gain in fast neutror 
attenuation effectiveness in using the standard conerete 
bloeks, centainine hirh pereentagea of haydite aggregate, 
compared to the concrete bleeks of the mixture without the ag- 
gregato. Uoldstein (&, p. 265) states that a corollary of 
the rewoval cress seetion concept is that the removal cross 
sections of materials mixed together are additive. 48 
property was used by Price end Hertén (12, p. 262) and by 
Blizzard and Miller (3, m» 22) in ealculating the average fast 
neutron relaxetion length,4],, for different eoneretes. The 
length for a typical ordinary Portland conerote with density 


of 2.3 gu/ en was computed te be 10.6 om by Price, ard à 
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length of 11.3 om was esleulated by Blizzard fer dry ordinary 
concrete viith density equal to 2.39 توم روخ‎ 

“ith the values for the chemical eompositien cf the 
Portland cement and haydite @erzregate listed in Table 1 as- 
Sumed correct, and with the further assumption that the 
eompesiticn of the sand used in the blocks was 75 per eent 
519, and 25 per cent X Al Si, Qj, a value for Σο was ecm- 
puted for an air dried block cf mixture A in Table B. This 


value, times the density ol the block, will Field -0 
>, = ZC xÛ = .03816 x 1.84 = ‚0702 en”! 
and Ay Ep = 1/.0702 = 14,2 en + 


Table 2. Determination of ቃ ϱ/6 for a dry conerste of 
mixture A 


A A E ہے ےی ہے‎ 














flement Concentration 2 τς wt. >, a ως 
Cit. 8) ac ( ^ a — 

E 1.05 5.98 x 1ο” „627 x 10 
0 12.149 3.72 x 10% 1.580 x 107? 
| -2 -2 

31 36.30 3.01 x 10 1.092 x 10 
Al 4.88 2.92 x 107? 153 x 1077 
Fe Jm 2.15 x 107? ,009 x 107? 
ca 12.28 2.43 x 10% ‚312 x 107? 
Mg 19 3.33 x 107° 006 x 4g 
K 1.9 2.47 x 10% 087. x 107 - 


Total 3.816 x 10 


ev MM oco 2 rp tl PY RAID CP ویو نہ ےس‎ ν. 


“Blizzard and Miller (3, p. 22). 
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A neu value of X /D for the block of mixture A, after 
absorbing 10 per cent, by weight, water was computed on Table 
9 and found το be .04758 om*/g. — fer the new density of 
2.17 g/em, will then be equal to: 

004758 x 2.17 = .1033 am”? 
and 


em .‏ 9.68 = 1/.1033 = ہہ 


Table 9. Determinstion of Z e for the conerete of mixture 
A with 18% absorbed water 











— - و تھی یڈ‎ Wt.% 2.,/2 
- — μα. 
፪ 2,58 1.55 x 10% 
0 49.60 1.84 κ 1075 
34 30.27 .93 x 107° 
Al 4.13 .12 x 10% 
Fe 37 ‚008 x 10” 
Ca 10.90 ‚285 x 107° 
Mz 6ء‎ .005 x 107° 
K 1.61 4050 x 107* 
sn Total 1.758 x 107° _ 





It can now be seen that the relaxation length of 9.58 
em fer Bleck A with 18 per cent abserbed water dees not in- 
dicate much more shielding effectiveness than a typical 


ordinary Portland eonereto block with a relaxation length of 
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10. 6 en. 
B. Effects cof Absorbed Water 


The neutron counts taken for the 7 and 28 day absorbed 
water tests of the blocks of mixture A were tabulated on 
Tables 10 and 12. The analysis of the counts separated into 
the fast and slow neutren counts are shown on Tables 11 and 
13. Plots of these counts are made for the concrete and 
mortar blocxs in Figures 19 through 22. The slow and fast 
neutron count rates for the ice and paraffin blocks were also 
plotted on the figures. 


All of the curves indicate that as the percentaze of 


Table 10. 7 day absorption test data 





dd 





REO = -— 





Arrange- Absorbed water  — Counts Counting Net counting 





ment (per cent by time rate 
weight) C 
1 0 22106 5 1207 + 30 
1 7. 7h 19466 5 3736 + 28 
1 8.44 19277 5 3748 + 28 
1 11,70 13416 5 3576 + 27 
1 15.40 18045 5 3498 + 27 
2 ο 6015 2 1096 + 16 
2 7.74 6498 5 1193 £ 16 
2 Beuh 6533 5 1200 + 16 
2 11.70 630 5 1161 + 16 
2 15.50 6024 5 1095 #15 
3 0 770و‎ 5 1847 + 20 
2 7፡78 9510 5 1795 + 20 
3 8.4% 9550 5 1803 + 20 
3 12,70 9350 5 1763 + 19 
3 15.40 9275 5 1745 + 19 
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Figure 22. Fast neutron counts for 23 day 
water absorption test 








Table 11. Slow and fast neutrons, 7 day absorpticn test 


toes aded کوووموت-- رر‎ 

















Absorbed water Slew neutron Past neutron 
(per cent by counting rate counting rate 
welrht) - ብ. ٭ ہے ۹ہ‎ ሽ 
0 311} + 34 2194 s 23 
7,74 2593 + 32 2062 + 23 
8 ابا‎ 2548 ት 32 2073 + 22 
11,70 2415 + 32 2025 + 22 
15.40 2403 + 31 2005 + 22 
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absorbed water is inereased, the neutron shielding effeetive- 
ness is also increased. A comparison of the relaxation length 
for the air dried block, 154.2 om, with the length for the 
same block with 18 per eert absorbed water, 9.68 ecm., would 
indicate that the trend follows the removal cross section 
theory. 

Price (12, p. 285) states that the relaxation length 
for water for the fast neutron croup is around 19 cm., hence, 
block A with 18 per cent absorbed water and the lewer re- 
laxation lenzth of 9.68 em. should be a bit more effective 
as a neutron shield than water. The count rates for the ice 
block shown on the curves, however, are much larger than 
should be expected. This can be explained by the fact that 
the ice block was melting during the test, losing 5 grams of 
weight, and, therefore, decreasing its shielding effective- 


ness. Alse its weight prior to the test, 211.9 grams, was 
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Table 12. 28 day absorpticn test data 





⸗— مسوم 


Block Arrange- Absorbed Counts Counting Net countins 


ment water time rate (CFM) 
(per cent (min. ) 

= by weight) 
1 1 0 23167 5 4538 + 30 
2 1 0 22663 5 5138 + 30 
3 1 0 22310 5 4367 + 30 
l 1 0 22578 5 L421 + 20 
1 1 5.94 20060 5 3917 + 28 
2 1 6.05 20120 5 3929 + 28 
3 1 5.90 19955 5 3896 + 28 
ly 1 6.51 19319 5 3769 + 28 
1 1 8.78 1938 5 3782 + 28 
2 1 8,597 1298 5 3702 + 28 
3 1 6.29 18907 5 3687 + 28 
Lh 1 5.20 18655 5 3637 + 27 
1 1 9.60 19089 5 2723 + 28 
2 1 9,25 15514 5 3608 + 27 
p 1 9.87 18768 5 3659 + 27 
1 9.48 1 6575 5 3620 + 27 
1 1 18.60 17989 5 3503 + 27 
2 1 13.55 17422 5 3389 + 26 
3 1 16.35 17776 E 3460 t 27 
h H 18.25 17721 5 3449 + 27 
1 2 0 6344 5 117% + 16 
2 2 0 6079 5 1121 + 16 
3 2 0 5563 5 1195 + 16 
7 2 0 6039 5 1113 + 16 
1 2 5.9% 619% 5 1144 + 16 
2 2 6.05 6272 5 1159 + 16 
r 2 5.90 6231 5 1151 + 16 
2 6.51 5778 5 1061 + 15 
1 2 8.78 5999 5 1105 + 16 
2 2 8.47 6216 5 1148 + 16 
7 2 8.29 634 5 117% + 16 
2 8.20 6108 5 1127 + 16 
1 2 9.60 5989 5 1103 + 16 
2 2 9.25 5742 ሠ 1053 + 15 
P 2 9.87 5713 5 1048 + 15 
2 9,48 5738 5 1065 + 15 
1 2 18.60 5868 5 1079 + 15 
2 2 18.65 5760 5 1077 T uS 
3 2 18.35 3864 5 1078 + 15 
g 13.25 6249 5 1155 + 16 
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fable 12. (Continued) 











Bleck Arrange-~ Absorbed Counts Counting Net counting 





ment water time rate (CPM) 
(per cent (min.) 
by weight) 

1 6 0 9839 5 1871 + 20 
2 3 ο 9905 5 188% F 20 
3 3 Q 9077 5 1838 + 20 
4 3 0 9961 5 1296 + 20 
1 3 1.45 9775 5 1857 + 20 
2 3 4.13 538 5 1826 + 20 
i 3 3.78 9445 5 1793 + 19 
e 3 8.47 9432 5 1787 + 19 
3 3 8.29 9281 5 1757 + 19 
Y 3 8.20 9483 5 1802 + 19 
1 3 9.60 9251 5 175% + 19 
2 3 9.25 9368 5 1778 4 19 
P 3 9.87 9281 5 1759 + 19 
3 9.48 9384 5 1782 + 19 

1 3 15.60 9078 5 1718 + 19 
2 3 10.69 9276 5 1758 + 19 
3 3 15.35 9058 2 1715 2 9 
b 3 18.2 9338 5 1770 + 19 

Background 5703 60 95 +1 





x 
| 


much less than that expected for a 2 by 2 by + inch block, 
which should be around 254 grams, so a valid comparison can 
not be made. 

The fast neutron relaxation length for paraffin wax was 
ccmputed to be approximately 7 cm., indicating that it should 
be a bit more effeetive as a fast neutron shield than the 
block with 18% water. The position of the count rate line 
fer the paraffin on Figures 21 aná 22 would tend to sub- 
stantiate the calculation. 


In the attenuaticn cf slow neutrons, however, Figures 
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Table 13. Slow and fast neutrens 28 day water absorption 








test 
DET Se E 
سسس‎ neutrons 00 — DER 0001801768 —.— — 
block Per cent Counting Block Per cent Counting 
absorbed rate absorbed rate 


water | — o _ 


| 





1 0 3364 + 34 1 0 2155 + 23 
2 ο 3317 + 34 2 0 2175 + 23 
P 0 3169 + 34 ὺ 0 2115 + 23 
0 3308 + 34 0 2180 د‎ 3 
1 5.91 2773 & 31 1 1.45 2135 + 2 
2 6.05 2770 + 31 2 u 2110 + 23 
P 5.90 2745 + 31 1 8.78 2062 + 22 
| 6.51 2708 + 31 2 8.47 2055 + 22 
1 8.78 2677 + 31 3 8.29 2020 + 22 
2 2,47 2225 + 31 h 8.20 2075 + 22 
6.29 E23 Š 
u 6.20 2510 2 31 2 9.25 20k] + 22 
1 9.60 2620 + 31 ῥ 9.87 2021 + 22 
2 9.25 2555 ے‎ 1 9.48 2051 + 22 
Ë 9.87 2611 3 31 1 18.60 1975 + 22 
9.48 2595 + 31 2 18.65 2019 + 22 
1 18.60 2424 + 31 : 18.35 1971 t E 
2 18.65 2332 + 31 18.25 2035 + 
p 18.35 2382 + 31 
18.25 229% + 31 
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19 and 20 indicate that the perafíin blocx is not as effective 

as a concrete biock containing over 9 per cent absorbed water. 
To determine if the neutron level decreased exponential- 

ly with the addition of water, the curves were also plotted 

cn semilog paper on Figure 23. The resulting curves show 

that the slow neutron attenuations may be approximated very 

closely by a straight line on the plot, and that the fast 

neutron attenuation does fellow a straight line plot. The 


28 day fast neutron attenuation curve was found to fit the 
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Figure 23. Neutron counts for water absorption tests 
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following suuntion! 


where y is equal to the counting rate, and x is equal te the 
per cent of absorbed water. The 28 day slow neutren attenu- 
ation line was found te fit an equatícn of the following 


form: 


y = 3150 0 MR 


The addition of 18 per cont water was fourd to decrease 
the slow neutron counts 28.1 per cent, and the fast neutron 
counts 2,61 per cent for the twenty eight day test. 

Goldstein (2, p. 99) states that a strict 1/v detector 
measures nevtron density and not fiux, and, consequently, 
in order tc convert the readings from such a detector to flux 
they must be multiplied by scme approprinte speed for the 
neutrons. Since the Bo On » X) resetion of the detector 
used in this study satisfies the 1/v law, see Glasstone and 
láluna (7, p. 57), the count rates for the tests of this 


study may be assumed preportioral to the neutron flux. 
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VIT. CONCLUSIONS 


Ihe following conclusions seem justified concerning the 
neutron shielding effectiveness of the mixtures and materials 
used under the conditions of this study. 

1. There seems to be little advantaze in using con- 
eretes and mortars containing high percentages of haydite 
aggregate over an ordinary typical Portland concrete in 
neutron shielding effectiveness. 

2. A neutron shield consisting of standard blocks will 
be more effective than cone consisting cf air dried blecks. 
The standard blocks sro approximately 24.5 per cent more ef- 
fective in slew neutron attenuation and approximately 6.k 
per cent more effective in fast neutron attenuation than air 
dried blocks. 

3, With haydite aggregate, standard concrete is more 
effective than standard mortar for neutron shielding. ihe 
eonerete will be approximately 4.5 per cent more effective 
4n shielding slow neutrons and 1.1 per cent more effective 
in shielding fast neutrons than a mortar. 

h, In the air dried condition, with haydite aggregate, 
a mortar will be a more effective neutren shield than a con- 
crete. 

5, As the water contest of a concrete is increased, the 
neutron attenuation will inerease exponentially. The addi- 


tion of 18 per cent water will decrease the slow neutron flux 
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by approximately 28.1 per cent and the fast neutron flux by 
approximately 8.61 per cent. 

6. The fast neutron removal theery seems to yield valid 
results when used in predicting the change in shielding ef- 
fectiveness of a concrete as the constituents of the concrete 
are changed. 

7. ihe fast neutron removal theory will alse predict 
the change in shielding effectiveness of sa concrete for dif- 
ferent amounts cf absorbed water up te the maximum used in 


this study, 18 per cent by weight. 
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VIII. SUGGESTIONS FOR FURTHER STUDY 


It was found in this study that the removal cross sec- 
tion theory was valid in predicting the fast neutron attenu- 
ation of concrete biocks containing abscerbed water. A 
further study should be undertaken to determine if the theory 
remains valid in predicting the attenuation for even larger 
amounts of absorbed water. The lower limit of required water 
should alse be determined for the continued validity of the 
theory. 

another useful study cculd be made cf the gamma ray 
attenuation preperties of haydite concrete in comparison víth 
typical cráinary Portland cement conerete. 

A study should also be made of the advantages of retain- 
ing water of erystallization, as in eonventional concrete, 
compared with the retention cf uncombined water absorbed in 
a spongy structure. The temperature at which the water of 
crystallization is lest might well be higher than that at 


which uncombined water evaporates. 
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Xl. APPENDIX: DATA FO) ADDITIONAL T.ists 


Table Ih. Compressive test data 
































Mixture a 7T Stress ده‎ mran Mrs 
— ee aaa 
A 8440 2110 6520 1630 
3 SEKO 1410 2270 568 
ር L300 1075 1915 479 
D 2705 575 1435 359 
E 1740 435 1350 338 
¥ 1497 374 850 213 
G 3020 905 4335 1084 
H 3220 805 3297 989 
1 2530 033 3465 866 

Table 15. Biock orientation test 

Face Μοὶ ΜΚΟ . . 

Counts Dura- Count Counts Dura- Count 

tion rate tion rate 
u oe EM... (mino) (CED 
1 21635 5 4327 + 29 20060 Š ኣዐ32 ቷ 28 
2 21504 5 4301 + 29 20325 5 4065 + 28 
3 21616 5 4323 + 29 20252 5 1048 + 28 
h 21841 5 4368 + 30 20417 5 4083 + 29 
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Sable 17. Ice and paraffin tests 

ረ Weight — — Pest einen 
1! AA A ید‎ 

Ice 211.9 260% + 32 2078 + 19 

Paraffin 216.7 2558 + 31 1998 + 19 
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